Experimental high-intensity three-photon entangled source 
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We experimentally realize a high-intensity three-photon Greenberger-Horne-Zeilinger (GHZ) en- 
tanglement source directly following the proposal by Rarity and Tapster [J. G. Rarity and P. R. 
Tapster, Phys. Rev. A 59, R35 (1999)]. The threefold coincidence rate can be more than 200 Hz 
with a fidelity of 0.811, and the intensity can be further improved with moderate fidelity degra- 
dation. The GHZ entanglement is characterized by testing the Bell-Mermin inequality and using 
an entanglement witness operator. To optimize the polarization-entangled source, we theoretically 
analyze the relationship between the mean photon number of the single-photon source and the 
probability of parametric down- conversion. 

PACS numbers: 42.50.Dv, 03.65.Ud, 03.67.Mn, 03.67.Hk 



I. INTRODUCTION 

Recently optical quantum-information processing has 
been developed rapidly both theoreticaUy and experi- 
mentally, where photonic entanglement, especially mul- 
tiphoton entanglement [l| plays a crucial role not only 
in the fundamental tests of quantum nonlocality 0, but 
also in optical quantum computation 0] and quantum 
teleportation multiparty communication [l8|, quan- 
tum key distribution |6|. As we know, two-photon maxi- 
mally entangled state, or Bell state, can violate the Bell 
inequality f2| to show the inconsistency between quan- 
tum mechanics (QM) and local reality (LR) theory, and 
so far there are numerous experiments to verify the va- 
lidity of quantum mechanics. However, entanglement of 
more than two photons, i.e., multiphoton maximally en- 
tangled state, or GHZ state 0, [1] can demonstrate the 
conflicts deterministically and nonstatistically, which are 
stronger and more straightforward than two-photon en- 
tanglement. 

Several groups have experimentally realized the cre- 
ation and manipulation of multiphoton entanglement, 
from three- photon 0], four-photon five-photon [ll| 
to six-photon entanglement. However, all of the re- 
ported multiphoton entangled sources so far are hard to 
be applied to long-distance quantum communication due 
to the limited intensity of the sources. 

In this Letter, we report a high intensity of three- 
photon polarization-entangled source following the pro- 
posal by Rarity and Tapster It is brighter than 
the intensities of publicly reported three-photon entan- 
glement in all the previous experiments so far. Although 
in our experiment we use the same techniques as the 
previous experiments of multiphoton entanglement, here 
we obtain brighter three-photon entanglement with bet- 
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ter quality through careful improvements and optimiza- 
tions. Our results suggest that the three-photon en- 
tangled source can be used for multiparty long-distance 
quantum communication. 



II. EXPERIMENT 

The experimental setup is shown in Fig. [TJ The cw 
532 nm all solid-state green laser (Millennia Pro 10s, 
Newport Co.) pumps the mode-locked Ti:sapphire laser 
(Tsunami, Newport Co.) and generates femtosecond 
pulses at the central wavelength of 780 nm, with a repeti- 
tion rate of 80 MHz and a pulse width of ~ 100 fs. In the 
experiment, the power of pump laser is 8.5 W and the 
output power of pulsed red laser is ~ 1.4 W. Then the 
pulsed laser passes through the LiBaOs (LBO) crystal to 
produce ultraviolet (uv) laser at the central wavelength 
of 390 nm after the up-conversion process. A lens is in- 
serted before the LBO crystal to form a small focused 
beam on the crystal and improve the up-conversion ef- 
ficiency. Since the output beam from the laser is el- 
liptical, we use the combination of two cylindrical lens 
to reshape the beam to be circular. Due to the lim- 
ited efficiency of up-conversion, the beam after the LBO 
crystal is mixed by the uv and unconverted red laser. 
In order to effectively separate them, five dichroic mir- 
rors (DM), which can reflect uv laser while transmitting 
red laser, are used. The power of the transmitted un- 
converted 780 nm laser from the first DM is more than 
500 mW. It is strongly attenuated by a series of attenu- 
ators to simulate a single-photon source (SPS). The uv 
laser of ~ 400 mW traverses a 2 -mm-thickness /3-BaB204 
(BBO) crystal to generate polarization-entangled pho- 
ton pairs owing to the process of spontaneous paramet- 
ric down-conversion [14]. Through optimizing the collec- 
tion efficiency, the observed count rate of photon pairs 
is more than 18 kHz, with a compensator composed of 
a half-wave-plate and a 1 -mm-thickness BBO crystal, 
and a 3 nm bandwidth interferometer filter (IF) in each 
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FIG. 1: (Color online) Experimental setup. ATT, attenuator; 
M, mirror; C, compensator; P, polarizer; F, filter; D, detector. 

side. The prepared two-photon polarization-entangled 
state can be written as 

|^'>12 - l/\/2(|i/>i|y)2 + \V)i\H)2), (1) 

where \H), \V) present horizontal and vertical polariza- 
tion of photons respectively. During the experiment, 
the visibility of two-photon entangled state is 95% in 
the H/V basis while 94% in the +/- basis, with |+) = 
1/V2m + \V)) and I-) = 1/V2m - \V)). ^ 

The polarization of a single photon in path 3 is fixed at 
|-|-) and sent to a polarization beam splitter (PBS), which 
transmits horizontal polarization while reflecting vertical 
polarization. After carefully adjusting the position of the 
prism controlled by a precise stepper motor, photon 2 and 
photon 3 can be completely overlapped on the PBS both 
spatially and temporally. When the polarization of the 
two photons is identical, we can prepare the three-photon 
GHZ entanglement as follows: 

|*)l23 = l/V2{\H)i\V)2V)3 + \V)i\H)2H)3), (2) 

since we can slightly tilt the BBO crystal in one of the 
compensators to preserve that the phase of the state is 
zero. 

The eight coincidence components are shown in 
Fig. UK a) , where the undesired components are much less 
than the desired coincidences of H1V2V3 and V1H2H3. 
In order to confirm the coherent superposition of the 
three-photon GHZ state and observe the two-photon in- 
terference effect [1^, we first move the position of the 
prism and then perform the coincident measurement on 
the three photons in the +/- basis, which is plotted in 
Fig.Hb). 

We have emphasized that the GHZ state can explicitly 
show the conflicts between QM and LR. Consider the 
following four joint measurements on the three-photon 
GHZ state: 

^xl^x2^x3i ^xl^y2^y3i ^yl^x2^y3i ^yl^y2^x3i (3) 

where ax^o^y are the Pauli operators, which can be ex- 
perimentally measured in the +/- and R/L basis, re- 
spectively, with \R) = 1/V2{\H) + i\V)) and \L) = 
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FIG. 2: (Color online) (a) Eight coincidence components in 
the H/V basis, (b) Experimental observation of two-photon 
Hong-Ou-Mandel interference. Points and solid lines present 
experimental values and theoretical fits. Threefold coinci- 
dences in the +/- basis are measured as a function of the 
delay position of the prism. At the zero delay, the interfer- 
ence visibility is more than 0.79, which is sufficient to imply 
the coherent superposition of three photons. 

1/V2{\H) — i\V)). Therefore, we can easily measure the 
above four joint operators, e.g., axiCFy2<Jy3 implies that 
photon 1 is measured in the -I- /- basis while photon 2 and 
photon 3 are both measured in the R/L basis simultane- 
ously. Then we can experimentally test the Bell-Mermin 
inequality flB^ by 

M = (Jxl<7x2^xS, + <^yl<^x2^yS + <^ylO'y20' xZ — '^xlO'y2Cy3- 

(4) 

QM and LR will predict completely different results for 
this inequality with 

I < M >Lfl I < 2, I < M >QM I < 4. (5) 

That is to say, the expectation value of M predicted 
by any LR theory cannot be larger than 2. We ver- 
ify this by performing polarization measurements on the 
state. For example, to measure the expectation value 
of the (7xicry2(Ty3 operator, eight sorts of polarization 
settings {+RR, +RL, +LR, +LL, -RR, -RL, -LR, and 
—LL) must be performed. The result is shown in Fig. [3] 
and the experimental value of M is Me = 3.4113±0.0054, 
which shows a violation of LR with more than 260 stan- 
dard deviations. This also indicates that the prepared 
state in the experiment is a genuine GHZ state. 

In fact, except for using the Bell-Mermin inequality to 
validate the GHZ entanglement, there are some other ap- 
proaches to characterize the multipartite entanglement 
such as quantum state tomography, entanglement wit- 
ness. We can quantify the quality of the produced GHZ 
state by evaluating the fidelity as defined by 

^-rr(pe.p|*123)(*123|), (6) 

where p^xp is the density matrix of the produced state. 
The fidelity can be determined by the local measurements 
on individual qubits. The experimental expectation value 
of fidelity is J^E = 0.811 ± 0.002. 

Furthermore, we can use the following entanglement 
witness operator [13] to detect the GHZ entanglement: 

W=il-|vl/)i23(vl'|, (7) 
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FIG. 3: (Color online) Experimental results of testing the 
Bell-Mermin inequality. 



FIG. 4: (Color online) Simplified scheme for the three-photon 
entangled source. SPS and EPR present the single-photon 
source and two-photon entangled pairs respectively. 



where 1 is an identity operator and |5')i23(5'| is a projec- 
tion operator to the GHZ state. If the expectation value 
of this witness operator is negative, it impHes the exis- 
tence of genuine GHZ entanglement. The expectation 
value of W is 



We 



1 



(8) 



whose experimental value is YVe = — 0.311±0.002, which 
is negative with about 155 standard deviations. This 
clearly proves the prepared state is truly entangled. 



III. EXPERIMENTAL ANALYSIS 

The single-photon source in path 3 is not a strictly true 
single-photon emitter, but a weak coherent laser. The 
mean photon number /i of the SPS will dominate the 
intensity of the three-photon entangled source. Higher /i 
will increase the intensity while decrease the visibility of 
the entangled source. Thus optimization of the value 
is necessary. Here we give a detailed analysis, see Fig. 2] 
The total count rates emitted from the SPS and Einstein- 
Podolsky-Rosen (EPR) pairs are 



JPE: 



(9) 



where / is the repetition frequency of the optical 
pulses, i.e., 80 MHz, and Pe is the probability of down- 
conversion per pulse in the nonlinear crystal. For simplic- 
ity, we assume that the coupling efficiencies of the three 
paths are equal, say, rjc, and the detection efficiencies of 
the three detectors are also equal, say, ^qD^ and the term 
of is omitted. Then we can estimate the detected 
count rates of Hy , Vy , HyVy from the SPS, and Hi, 
V2', Vi, H2', H1V2', V1H2' from the EPR, respectively, 
given by 

Ne{Hi) = Ne(V2,) ^E{Vi) = ^E(H^,) = ^fPEVCVD, 



EiHiV^, 



N 



E{ViH^ 



■^fPEVcVD: 



(10) 



where we assume that the PBS is ideal and the inser- 
tion losses of other optical components are negligible. In 
the count rate of Ns(h^,V3i)j the factor of i/x^ is due to 
the consideration of Poisson distribution (the generation 
probability of two photons from the SPS is e~''/i^/2), and 
the four sorts of distributions of the two photons from the 
SPS {HyVy,VyHy,HyHy,VyVy) result in the factor 
of i in Ns(H,,,v^,)- 

When photon 2' and photon 3' arc both H oyV polar- 
ization, and the two photons are completely overlapped 
on the PBS, the three-photon GHZ entangled state can 
be created and its count rate is 



N. 



H1V2V3 



V1H2H3 



Ne{HiV2,)Ns{H.,,) 



= -JPEmcTD- 



(11) 



Except the above two components, the other six sorts 
of the undesired components will also contribute to the 
threefold coincidences. When Hy photons are transmit- 
ted while Vy photons are reflected by the PBS, it will 
produce the following coincidence: 



Hi Y2 H3 



= iVi 



V1V2H3 



Ne{h,) [Ns{H3,V3,) +Ns(V3,H3,)] 



f 



(12) 



Similarly, when H21 photons and V2' photons pass the 
PBS it can cause the other two components 



Hi H2 V3 



V1H2V3 



Ne{h^V2,)Ne{h^,) 



-JpWcvI 



(13) 



The other undesired components of H1H2', V1V2' can also 
cause the following coincidence 



Hi H2 H3 



^ViV2V3 

1 



N E{Hi)N E{H^,)N S[H^ 



-JPlmlvl 



(14) 
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We can define a parameter TZ as the ratio of the desired 
coincidences to the undesired coincidences 



Obviously, when TZ is larger the visibility of the GHZ 
state will be better. When ~ \/'2,Pe , TZ will reach the 
maximum value and the visibility of the three-photon en- 
tangled state is the best. We experimentally verify this 
theoretical result through controlling the fj, value of the 
SPS. We find out when fie = i^'HcVo 0.014 the visibil- 
ity of the entangled state can reach a quite good value. 
While during the experiment, we estimate Pe 0.022 
and rjcTjD in path 3 is ^ 0.1, therefore the theoretical 
value of is 0.021. The variance between the theoret- 
ical and experimental values is mainly due to that the 
calibration for the coupling efficiency in path 3 is not 
precise. 

If /i is increased over the optimal value, the intensity of 
the three-photon entangled source is also increased with 
the cost of the decrease of the visibility. We observe the 
intensity to be more than 450 Hz with a few percentages 
of visibility degradation, which is larger than the inten- 
sity in the first three-photon experiment Q with more 
than four orders of magnitude. On the other hand, in 
the experiment we have tried to improve the pump of 
the laser system up to the maximum power, ~ 10.5 W. 
Through careful optimization, the uv power can be in- 
creased to ~ 500 mW and the intensity of two-photon 



entangled pairs is close to 30 kHz, which also implies that 
we can boost the intensity of the three-photon entangled 
source up to 1 kHz with a moderate visibility. How- 
ever, the laser system cannot be stable with this pump 
power for long-term experiment. This high intensity of 
three-photon entangled source is very valuable for many 
multiparty quantum communication protocols fis'l and 
other applications in quantum-information processing [? 

]■ 



IV. CONCLUSION 

In summary, we have experimentally implemented a 
bright three-photon polarization-entangled source and 
tested the Bell-Mermin inequality to show the conflicts 
between quantum mechanics and local realism. We also 
introduce an entanglement witness operator to character- 
ize three-photon GHZ entanglement. Further, we analyze 
the theory of visibility optimization, which is proven by 
the experimental results. The implementation of a high 
intensity of three-photon entangled source is a significant 
step towards practical long-distance multiparty quantum 
communication in the future. 
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